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Abstract 
Semi-analytical solutions are presented for flow to a well in an extensive homogeneous and 
anisotropic unconfined-fractured aquifer system separated by an aquitard. The pumping well is 
of infinitesimal radius and screened in either the overlying unconfined aquifer or the underlying 
fractured aquifer. An existing linearization method was used to determine the watertable 
drainage. The solution was obtained via Laplace and Hankel transforms, with results calculated 
by numerical inversion. The main findings are presented in the form of non-dimensional 
drawdown-time curves, as well as scaled sensitivity-dimensionless time curves. The new 
solution permits determination of the influence of fractures, matrix blocks and watertable 
drainage parameters on the aquifer drawdown. The effect of the aquitard on the drawdown 
response of the overlying unconfined aquifer and the underlying fractured aquifer was also 
explored. The results permit estimation of the unconfined and fractured aquifer hydraulic 
parameters via type-curve matching or coupling of the solution with a parameter estimation code. 
The solution can also be used to determine aquifer hydraulic properties from an optimal pumping 
test set up and duration. 
Keywords: Three layer-aquifer; Unconfined aquifer; Aquitard; Fractured aquifer; Leakage; 
Laplace-Hankel transform  
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Notation 
a Hankel transform parameter 
?? ? ??, ?? ? ?? Coefficients defined in Eqs. (B22)-(B27) 
?? The overlying unconfined aquifer bottom depth from the initial watertable 
(L) 
?? The aquitard bottom depth from the initial watertable (L) 
?? The underlying fractured aquifer bottom depth from the initial watertable (L) 
??? Dimensionless initial watertable depth to the aquitard base (defined in Table 
1) 
??? Dimensionless initial watertable depth to the fractured aquifer base (defined 
in Table 1) 
c1 ? c6 Coefficients defined in Eqs. (A37)-(A42) and (B30)-(B35) 
? Vertical distance from the initial watertable to the top of the pumping well 
screen (L) 
?? Dimensionless depth of the top of the pumping well screen (defined in Table 
1) 
?? Hydraulic conductivity of the matrix blocks (LT-1) 
??? Horizontal hydraulic conductivity of the aquitard (LT-1) 
??? Horizontal hydraulic conductivity of the fractured aquifer (LT-1) 
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??? Horizontal hydraulic conductivity of the unconfined aquifer (LT-1) 
??? Vertical hydraulic conductivity of the aquitard (LT-1) 
??? Vertical hydraulic conductivity of the fractured aquifer (LT-1) 
??? Vertical hydraulic conductivity of the unconfined aquifer (LT-1) 
? Vertical distance from the initial watertable to the bottom of the pumping 
well screen (L) 
?? Dimensionless depth of the bottom of the pumping well screen (defined in 
Table 1) 
p Lapalce transform parameter 
? Pumping well flux (L3T-1) 
??  Radius of matrix blocks (L) 
??  Radial distance from the center of matrix blocks (L) 
? Radial distance from the pumping well (L) 
?? Dimensionless distance from the pumping well (defined in Table 1) 
?? Drawdown in the aquitard (L) 
?? Drawdown in the fractured aquifer (L) 
?? Drawdown in the unconfined aquifer (L) 
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????? Laplace-Hankel domain dimensionless drawdown in aquitard 
????? Laplace-Hankel domain dimensionless drawdown in fractured aquifer 
????? Laplace-Hankel domain dimensionless drawdown in the unconfined aquifer 
???? Laplace domain dimensionless drawdown in the aquitard  
???? Laplace domain dimensionless drawdown in the fractured aquifer  
???? Laplace domain dimensionless drawdown in the unconfined aquifer  
??? Specific storage of the aquitard (L-1) 
??? Specific storage of the fractured aquifer (L-1) 
??? Specific storage of the unconfined aquifer (L-1) 
?? Specific yield of the unconfined aquifer  
? Time from start of pumping (T) 
?? Dimensionless time from the start of pumping (defined in Table 1) 
z Vertical distance from the initial watertable (L) 
zD Dimensionless vertical distance from the initial watertable (defined in Table 
1) 
??? ? ??? Coefficients defined in Eqs. (B28) and (B29) 
??? Horizontal hydraulic diffusivity of the aquitard defined as ??????  (L2T-1) 
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??? Horizontal hydraulic diffusivity of the underlying fractured aquifer defined 
as 
??????  (L2T-1) 
??? Horizontal hydraulic diffusivity of the overlying unconfined aquifer defined 
as 
??????  (L2T-1) 
??? Vertical hydraulic diffusivity of the aquitard defined as ??????  (L2T-1) 
??? Vertical hydraulic diffusivity of the underlying fractured aquifer defined as ??????  (L2T-1) 
??? Vertical hydraulic diffusivity of the overlying unconfined aquifer defined as ??????  (L2T-1) 
????  Dimensionless term introduced in Eq. (A2) (defined in Table 1) 
????  Dimensionless term introduced in Eq. (A3) (defined in Table 1) 
????  Dimensionless term introduced in Eq. (A2) (defined in Table 1) 
????  Dimensionless term introduced in Eq. (A3) (defined in Table 1) 
????  Dimensionless term introduced in Eq. (A1) (defined in Table 1) 
?? Parameter associated with watertable drainage defined as ???????  (L2T-1) 
? Linearization parameter appears in Eq. (16) (L)  
?? Dimensionless parameter introduced in Eq. (A10) (defined in Table 1) 
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?? Inter-porosity flux term, see Eqs. (3) and (4) 
?? Dimensionless parameter introduced in Eq. (A28) (defined in Table 1) 
?? Dimensionless parameter introduced in Eq. (A32) (defined in Table 1) 
?? Dimensionless parameter introduced in Eq. (A26) (defined in Table 1) 
?? Dimensionless parameter introduced in Eq. (A30) (defined in Table 1) 
?? Dimensionless parameter introduced in Eq. (A21) (defined in Table 1) 
??? ?? ? ? Coefficients defined in Eqs. (A43-A45) and (B36) 
? Coefficients defined in Eq. (A56) 
??? ?? Coefficients defined in Eqs. (A46)-(A49) 
? Dimensionless parameter introduced in Eq. (A10) (defined in Table 1) 
? Coefficients defined in Eq. (A57) 
1. Introduction 
We consider unconfined aquifers that are hydraulically connected to underlying fractured 
aquifers, examples of which are found in different parts of the world (Al-Shaibani, 2008; 
Milanovic and Aghili, 1993; Sedghi and Samani, 2015; Subyani, 2004; Wagner, 2011). Often, an 
aquitard separates the unconfined aquifer from the underlying fractured aquifer. For example, in 
the Zagros Mountains (southwest Iran), clay and marl layers separate the underlying fractured 
limestone aquifer from the overlying alluvial layers (Issar, 1969). Similarly, the aquifer-aquitard 
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system in the Waterloo Moraine (Ontario, Canada) is underlain by a limestone aquifer (Martin 
and Frind, 1998). An aquifer system in the southern Syrian steppe contains Upper Cretaceous 
and Paleogene limestone and chalk aquifers that are, in some areas, separated by a marly 
aquitard (Wagner, 2011). Available mathematical models describing leaky and multilayer aquifer 
systems are not suitable to describe the above-mentioned aquifer systems. For that reason, here 
we develop an analytical model of flow to a well in unconfined-fractured aquifer system 
separated by an aquitard. 
There are several analytical solutions for flow to a well in leaky and multilayer aquifer systems. 
The solutions of Hantush and Jacob (1955) and Hantush (1967) do not consider aquifer storage. 
Instead, the aquitard transmits water from a constant head source to the aquifer. Hantush (1960), 
Neuman and Witherspoon (1969), Moench (1985) and Zhan and Park (2003) take account of the 
storativity of the aquitard but impose leakage over the whole aquifer thickness. The more 
realistic condition in which the leakage is imposed through the aquifer-aquitard boundary was 
presented by Hunt (2005), Sun and Zhan (2006) and Sedghi et al. (2012). An aquitard separating 
two aquifer layers was considered by Malama et al. (2008). A generalized matrix-form solution 
for a coupled multilayer aquifer system was derived by Veling and Maas (2009). The inter-
porosity flow of the underlying fractured aquifer and the second derivative of the watertable 
condition can be applied to their solutions. However, Veling and Maas (2009) did not formulate 
the closed form  expression for their solution in the z direction. 
The free surface boundary condition requires some care in aquifer modeling. The instantaneous 
drainage model of Neuman (1972, 1974) was employed in many models (Malama et al., 2007, 
2008; Samani and Sedghi, 2015; Sedghi and Samani, 2015). The alternative of gradual 
watertable drainage was presented by Moench (1995, 1996, 1997) and adopted in the solutions of 
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Zhan and Zlotnik (2002) and Sedghi et al. (2009). Tartakovsky and Neuman (2007) presented an 
analytical solution for the delayed watertable response (due to the unsaturated flow above the 
watertable) to pumping from a partially penetrating well. Their solution was extended by Mishra 
and Neuman (2010) to the case of an unsaturated zone of finite thickness. The method presented 
by Mishra and Neuman (2010) was also used by Mishra et al. (2012) to obtain an analytical 
solution for flow to a vertical well in a leaky-unconfined aquifer. The coupled unsaturated-
saturated flow is also considered by Liang et al. (2017a) to model the drawdown induced by 
horizontal, vertical and slanted wells in unconfined aquifer. The unsaturated zone thickness, 
among other factors, also affects the specific yield as stated by Liang et al. (2017b) referring to 
Parlange and Brutsaert (1987). When applied to data from the glacial out-wash aquifer in Cape 
Cod reported by Moench et al. (2000), the models of Neuman (1972, 1974), Moench (1995, 
1996, 1997) and Tartakovsky and Neuman (2007) failed to achieve reasonable estimates of the 
specific yield (Malama, 2011). Malama (2011) presented a new analytical solution for flow to a 
well in an unconfined aquifer using an alternative linearization of the nonlinear kinematic 
condition at the watertable. This solution significantly improved the estimation of specific yield 
from the pumping test data. In this work, the method suggested by Malama (2011) is adapted to 
simulate the watertable boundary condition. 
Modeling of fractured aquifers and reservoirs is a long-standing research topic. The dual porosity 
concept presented by Barenblatt et al. (1960) is often used to describe fractured aquifer/reservoir 
hydraulics/dynamics (Bourdet and Gringarten, 1980; Gringarten et al., 1981; Deruyck et al., 
1982; Park and Zhan, 2003; Sedghi and Samani, 2010; Sedghi and Samani, 2015). For example, 
Warren and Root (1963) used steady state inter-porosity flow to characterize the behavior of 
naturally fractured reservoirs. Their single-phase flow solution was extended to two-phase flow 
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by Kazemi et al. (1976) using a numerical method. Duguid and Lee (1977) used a finite element 
method to simulate transient inter-porosity flow. Both constant discharge and step drawdown 
problems are considered in their work. Drawdown equations for flow in fissures ? whether voids 
or filled with fine materials ? and porous flow due to discharge from a pumping well were 
obtained by Streltsova (1976). For a specific heterogeneous formation, he obtained the 
drawdown equation for an aquifer-aquitard system. An unconfined fractured aquifer was 
considered using the double-porosity concept by Boulton and Streltsova (1977). Bourdet and 
Gringarten (1980) and Gringarten et al. (1981) presented a method of determining block size and 
fissure volumes using type-curve matching. Deruyck et al. (1982) obtained Laplace-domain 
inter-porosity flow equations for both spherical and slab-shaped matrix blocks. Transient inter-
porosity flow and rectangular-shaped matrix blocks were considered by Serra et al. (1983). The 
double porosity approach can be used to simulate flow in karstified limestone, as shown by 
Sauter (1990) using field data. 
In the following, we present a semi-analytical solution for flow to a partially penetrating 
pumping well in an unconfined-fractured aquifer system separated by an aquitard. The pumped 
well is screened in either the overlying unconfined aquifer or the underlying fractured aquifer. 
The dual porosity concept presented by Barenblatt et al. (1960) is adopted to simulate the inter-
porosity flow in the fractured aquifer. The results are presented in the form of dimensionless 
drawdown and scaled sensitivity curves. 
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2. Method 
2.1. Conceptual model 
Figure 1 shows the three-dimensional conceptual model of an unconfined-fractured aquifer 
system separated by an aquitard with a partially penetrating pumping well and a piezometer. The 
origin of the coordinate system (r, z) is located at the intersection of the pumping well centerline 
and the initial watertable position, while the z-axis is positive upward. The pumping well is 
screened from depth d to l measured from the watertable. The aquitard extends from depth b1 to 
b2. The underlying fractured aquifer extends from the bottom of aquitard to depth b3. The 
overlying unconfined aquifer, the aquitard and the underlying fractured aquifer are (individually) 
homogeneous and anisotropic with uniform thickness and infinite radial extent. The watertable 
decline due to pumping is assumed to be negligible compared to the aquifer thickness. The base 
of the fractured aquifer is a no-flow boundary. 
The governing equations for two-dimensional transient drawdown are (Malama et al., 2007): ???? ??? ?? ????? ? ? ??? ??????? ? ??? ?????  (1)  
for the overlying unconfined aquifer, ???? ??? ?? ????? ? ? ??? ??????? ? ??? ?????  (2)  
for the aquitard and, ???? ??? ?? ????? ? ? ??? ??????? ? ?? ?? ??? ?????  (3)  
for the underlying fractured aquifer, where ??, ?? and ?? are drawdown (m); ???, ??? and ??? are 
the horizontal hydraulic conductivities (ms-1); ??? , ???  and ???  are the vertical hydraulic 
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conductivities (ms-1); ??? , ??? and ???  are the specific storages (m-1), the subscripts u, a and f 
represent the unconfined aquifer, the aquitard and the fractured aquifer, respectively, and ?? is 
the inter-porosity flow term (s-1) defined as (Deruyck et al., 1982; Park and Zhan, 2003): ?? ?? ? ????? ??????? ??? ? ???  (4)  
The interfracture material is conceptualized as spherical blocks, so sm, which is the drawdown in 
the matrix blocks (m), is defined by (Deruyck et al., 1982): ????? ???? ???? ?????? ? ?? ? ??? ?????  (5)  
where ??  is the matrix block hydraulic conductivity (ms-1); ??  is the radial distance from the 
center of the spherical matrix blocks (m);???  is the radius of matrix blocks (m) and ??? is the 
specific storage of the matrix blocks (m-1). The initial and boundary conditions for the matrix 
blocks are, respectively: ????? ? ?? ?? ?? (6)   ????? ?? ????? ? ?? ?? ?????? ?? ?? (7)  
It should be noted that Eq. (7) is wrongly presented in Sedghi and Samani (2015, Eq. 11).  
The watertable before pumping is horizontal, so the initial condition is: ????? ?? ?? ?? ? ????? ?? ?? ?? ? ????? ?? ?? (8)  
As the aquifer system is considered to be extensive, the far-field boundary condition is: ?????? ????? ?? ?? ?? ? ?????? ????? ?? ?? ??? ?????? ????? ?? ?? ??? ? (9)  
If the pumping well is screened in the overlying unconfined aquifer (conceptual Model I, Fig. 
1a), the boundary conditions at the pumping well are (Malama et al., 2007, 2008; Sedghi and 
Samani, 2015): 
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?????? ? ????? ?? ?? ? ??? ? ??? ? ??? ???????? ? ?? ??? ? ??? ? ???? ??? ?? ??? ? ???? (10)  ?????? ? ????? ?? ?? (11)  ?????? ? ????? ?? ?? (12)  
The conditions for the corresponding case in which the well is screened in the underlying 
fractured aquifer are (conceptual Model II, Fig. 1b): 
?????? ? ????? ?? ????
? ??? ? ??? ? ????? ???????? ? ?? ??? ? ??? ? ????? ??? ?? ??? ? ??? ? (13)  ?????? ? ????? ?? ?? (14)  ?????? ? ????? ?? ?? (15)  
The linearization method of Malama (2011) is adopted to model the watertable drainage: ??? ??????? ??? ?? ? ? ???????? ??? ??? ? ?? ?????? ??? ?? ?? ?? (16)  
where ? (m) is a linearization parameter and ?? is the specific yield of the unconfined aquifer. 
The no-flow condition is applied at the base of the fractured aquifer: ?????? ??? ? ?? ?? ?? (17)  
Drawdown and flux are each conserved across the interface of the unconfined aquifer and the 
aquitard: 
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????????? ?? ?? ? ????? ???? ?? (18)  ??? ?????? ??? ? ?? ?? ???? ?????? ??? ? ?? (19)  ?as well as across the aquitard-fractured aquifer interface: ????????? ?? ?? ? ????? ???? ?? (20)  ??? ?????? ??? ? ?? ?? ???? ?????? ??? ? ?? (21)  
?Solving Eqs. (1-3) subject to initial and boundary conditions of Eqs. (4-21) for the case in which 
the pumping well is screened in the overlying unconfined aquifer (Fig. 1a, Model I) results in the 
following dimensionless drawdown equations (Appendixes A and B) for the unconfined aquifer, 
aquitard and fractured aquifer, respectively:  
???? ?? ?? ???? ? ??????????? ? ??????????????? ????????? (22)  
???? ?? ?? ????????????? ? ??????????????? ????????? (23)  
???? ?? ?? ????????????? ? ??????????????? ?????????? (24)  
where the parameters appearing in Eqs. (22-24) are defined in Appendix A. 
For the case in which the pumping well is screened in the underlying fractured aquifer (Fig. 1b, 
Model II), the solutions corresponding to Eqs. (22-24) for the dimensionless drawdown are, 
respectively: 
???? ?? ?? ????????????? ? ??????????????? ????????? (25)  
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???? ?? ?? ????????????? ? ??????????????? ????????? (26)  
???? ?? ?? ???? ? ??????????? ? ??????????????? ?????????? (27)  
where parameters appearing in Eqs. (25-27) are defined in Appendix B. 
 
3. Results and Discussion 
In this section, the time-drawdown responses of the three-layer aquifer system are investigated 
by generating the dimensionless drawdown-time type curves. The dimensionless drawdown data 
are obtained via numerical inverse Laplace (De Hoog et al., 1982) and Hankel (Michels, 1963; 
Press et al., 1992) transforms following the method outlined by Sedghi and Samani (2015). Type 
curves for conceptual Model I and Model II (Fig. 1) are generated using Eqs. (22-24) and Eqs. 
(25-27), respectively. The default dimensionless parameter ratios given in Table 2 are used to 
construct the type curves. The type curves presented in this section are compared with ?????????
type curve for unconfined aquifers (Neuman, 1974) and the Malama et al. (2008) type curves for 
the aquifer-aquitard system. This comparison permits examination of the effects of the 
underlying fractured aquifer on the dimensionless drawdown in the three-layer aquifer system. 
Scaled sensitivity-dimensionless time curves are also presented below. Using these curves, the 
effects of the aquitard hydraulic parameters on the sensitivity of the overlying unconfined aquifer 
dimensionless drawdown to the underlying fractured aquifer parameters are explored. 
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3.1 Drawdown response of the three-layer aquifer system due to pumping the overlying 
unconfined aquifer (Model I, Fig. 1a) 
The dimensionless drawdown response of the three-layer aquifer system is investigated in this 
section. Three piezometer points are considered. The first is in the overlying unconfined aquifer 
at the depth of zD = -0.5, the second is in the aquitard at the depth of zD = -1.2 and the third is in 
the underlying fractured aquifer at the depth of zD = -2.0. The pumping well is screened in the 
unconfined aquifer. Responses at these three zD locations for different conditions will be 
examined in the following. 
Figure 2 shows that the dimensionless drawdowns in the overlying unconfined aquifer (black 
curves, zD = -0.5) follow the Neuman unconfined aquifer type curve at early times (tD < 0.1) 
before being affected by the underlying fractured aquifer. It then deviates somewhat from 
???????? curve at intermediate times (0.1 < tD < 10). This occurs because the fractured aquifer 
feeds the unconfined aquifer via the aquitard, which reduces the drawdown in the unconfined 
aquifer and thus deviates from ????????? ??????? ???? ?????????? ?????????? ????????????ly to the 
value of Krf/Kru during at late times (tD > 5000) due to increased leakage from the underlying 
aquitard and fractured aquifer, which results from the potential head difference established 
between the pumped unconfined aquifer and the fractured aquifer. 
The aquitard responds to the pumped well in the unconfined aquifer. The dimensionless 
drawdowns in the aquitard (Fig. 2, blue curves, zD = -1.2) due to the pumped well starts at time tD 
= 5, which is two orders of magnitude later than in the unconfined aquifer (i.e., results for zD 
= -0.5). While during the late time stage the drawdown curves diverge in proportion to the Krf/Kru 
values, the effect of hydraulic conductivity ratios is obscured at early and intermediate times, up 
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to about tD = 104 (i.e., blue curves overlie each other). In all times, the drawdown values in the 
aquitard (zD = -1.2) are less than those of the unconfined aquifer (zD = -0.5), as expected. 
The fractured aquifer also responds to the pumped well in the unconfined aquifer. The 
dimensionless drawdowns in the fractured aquifer (Fig. 2, red curves, zD = -2.0) due to the 
pumped well are significantly different and less than those in the unconfined aquifer and the 
aquitard. The effect of Krf/Kru on the dimensionless drawdown in the fractured aquifer is 
significant and is readily apparent from early to late time. 
The three sets of drawdown curves in Fig. 2 provide guidance on the determination of parameters 
in such aquifers. Given the large differences in the drawdowns depicted in Fig. 2, estimation of 
physical parameters characterizing water-bearing layers in the unconfined-aquitard-fractured 
aquifer system should be based on the data collected from piezometers installed in each 
individual layer. In addition, Fig. 2 reveals that the curves based on the solution of Malama et al. 
(2008) at zD = -2.0 deviate from the proposed solution during the early and intermediate times. 
This difference is due to the release of stored water in the interfracture matrix, which reduces 
drawdown in the fractured aquifer. By contrast, drawdown curves from the solution of Malama 
et al. (2008) agree closely with those from the new solution in the overlying unconfined aquifer 
and the aquitard as the effects of interporosity flow diminished in the overlying unconfined 
aquifer and the aquitard (curves not shown). 
Figure 3, in a manner similar to Fig. 2, shows the effects of the vertical hydraulic conductivity of 
the fractured aquifer. Three measurement locations are considered, using the ratio of vertical 
hydraulic conductivities, Kzf/Kzu, as a parameter. As the fractured aquifer is underlain by an 
impermeable layer and overlain by an aquitard, the effect of the vertical component of flow on 
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the overlying unconfined aquifer is negligible, i.e., the dimensionless drawdown in the 
unconfined aquifer is not sensitive to Kzf/Kzu. However, the presence of the underlying aquitard 
and fractured aquifer causes the unconfined aquifer response to deviate from that of ?????????
(1974) solution. Moreover, the inter-porosity flow modifies the type curves for the underlying 
fractured aquifer from that of Malama et al. (2008) during early times. These differences are not 
observed in the overlying unconfined aquifer and the aquitard (curves not shown). In essence, the 
effects of inter-porosity flow are not significant for the aquitard and for the overlying unconfined 
aquifer. 
We next considered the effect of the hydraulic conductivity (Km) of the interfracture matrix 
blocks. Figure 4 shows results at the three zD observation locations for varying Krf/Km and using 
default parameter ratios of Table 2. The dimensionless drawdowns are compared with the model 
presented by Malama et al. (2008). As seen in Fig. 4, the effect of Km is negligible in the 
overlying unconfined aquifer and the aquitard (black and blue curves). The inter-porosity flow, 
however, affects the dimensionless drawdown in the underlying fractured aquifer leading to 
differences between the presented solution from that of Malama et al. (2008) during the early and 
intermediate times when the inter-porosity flow dominates. As expected, the new solution also 
shows differences to results from the solution of Neuman (1974) due to the release of water 
stored in the aquitard and underlying fractured aquifer. 
In Fig. 5, the effect of specific storage of the matrix blocks on dimensionless drawdown is 
displayed. As in Fig. 4, the dimensionless drawdowns are compared with the Malama et al. 
(2008) solution. Drawdown in the unconfined aquifer and the aquitard is similar for both 
solutions. However, increasing Ssm reduces the dimensionless drawdown in the fractured aquifer 
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as more water is released from the matrix blocks, causing results to differ for the underlying 
fractured aquifer. 
The specific yield (Sy) of the overlying unconfined aquifer affects the dimensionless drawdown 
in the aquifer system (Fig. 6). Specifically, increasing Sy decreases the intermediate and late time 
dimensionless drawdown in all three layers. The role of Sy is apparent in its specification in the 
boundary condition at the watertable (Malama, 2011):  ?? ???? ?? ???? ???? ? ??? ? ?? (28)  
where K is the aquifer conductivity tensor. Equation 28 is simplified to (Malama, 2011):  ?? ???? ?? ???? ????? ? ? ??????? (29)  
To linearize the above equation the variable h at the second right hand side term of Eq. (29) is 
replaced by a constant ? to yield Eq. (16) (Malama, 2011). This constant, in its dimensionless 
form, ?? (Table 1), ranges from 0 to 1. For the case in which ?? ?? ?? (practically for  ?? lower 
than 0.1 as shown in Fig. 7), the diffuse watertable boundary condition (Eq. 16) reduces to the 
sharp interface condition (Neuman, 1972, 1974), i.e., varying ?? changes the interface from 
sharp to diffuse. This, on the other hand, violate the underlying assumption of the instantaneous 
water table drainage model (Neuman, 1972) in which the drawdown is negligible comparing to 
the aquifer thickness (i.e. ?? ? ?). Therefore the difference between the dimensionless 
drawdown curves prepared for ?? ? ? and ?? ? ? reveals the error resulting from Dagan (1967) 
linearization adapted by Neuman (1972, 1974). Clearly, both ?? and the specific yield, Sy, affect 
release of water from the watertable (Malama, 2011). The effects of varying ?? are explored in 
Fig. 7. As illustrated in the figure, increasing ?? decreases the intermediate and late time 
drawdown in the three-layer aquifer system. It is evident that increasing ?? increases the 
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watertable drainage (Eq. 29). Thus, the drawdown decreases during the intermediate and late 
times. As noted by Malama (2011), the sensitivity of the late time dimensionless drawdown to ?? for fixed Sy explains why the diffuse interface watertable model improves estimation of Sy. 
Since ?? affects the late time dimensionless drawdown in the all three layers, using the diffuse 
interface watertable condition improves the estimate of Sy using the drawdown data collected 
from each aquifer layer. More importantly, the diffuse interface condition is more realistic than 
the sharp interface (Malama, 2011).  
 
3.2 Drawdown response of the three-layer aquifer system due to pumping the underlying 
fractured aquifer (Model II, Fig. 1b) 
In this section, the effects of pumping the underlying fractured aquifer on the dimensionless 
drawdown response of water-bearing layers in the unconfined-aquitard-fractured aquifer system 
are investigated and compared with those of Model I. Figure 8 is first constructed for different 
Krf/Kru values. The pumping well is screened in the underlying fractured aquifer (dD = 2 and lD = 
2.5, with other parameters are set to values as listed in Fig. 2). Inspection of Fig. 8 reveals that 
both the overlying aquifer and aquitard respond to the pumped well in the fractured aquifer. The 
drawdown in the aquitard and in the unconfined aquifer is always less than that of the fractured 
aquifer, as expected. The drawdown in the three-layer aquifer system is inversely proportional to 
the Krf/Kru ratio. Furthermore, comparing Figs. 2 and 8 shows that the dimensionless drawdown 
is more sensitive to Krf/Kru for Model II (well is screened in the underlying fractured aquifer) 
than Model I (well is screened in the overlying aquifer). 
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The effect of the vertical hydraulic conductivity of the fractures on the dimensionless drawdown 
in the aquifer system is not major in the case of the Model II (i.e., the pumping well is screened 
in the underlying fractured aquifer (dD = 2, lD = 2.5, Fig. 9)) compared to Model I (Fig. 3). In 
other words, the vertical flow component in the fractured aquifer is not significant enough to 
affect the overlying aquifers in contrast to the horizontal flow component (Fig. 8). 
In Fig. 10, we observed that the value of Km (interfracture hydraulic conductivity) affects the 
dimensionless drawdown in the aquifer system of Model II in the same manner as in Model I 
(Fig. 4). Figure 10 shows that increasing the hydraulic conductivity of the matrix blocks reduces 
the early time dimensionless drawdown in the underlying fractured aquifer. The same 
phenomenon was reported by Park and Zhan (2003) and Sedghi and Samani (2015). This effect 
is more pronounced compared to Model I (Fig. 4). The dimensionless drawdown in the overlying 
unconfined aquifer and the aquitard is not sensitive to Km (Fig. 10, blue and black curves).  
The specific yield, Sy, affects the dimensionless drawdown in the Model II aquifer system, as 
shown in Fig. 11. Comparing Figs. 6 (Model I) and 11 (Model II) reveals that, in both models, 
increasing Sy decreases the intermediate and late time dimensionless drawdowns, although in 
Model II the dimensionless drawdown is more sensitive. 
In the case that the pumping well is screened in the underlying fractured aquifer, the influence of 
the specific storage of the matrix blocks, Ssm/Ssf, is more significant (Fig. 12) compared to the 
case where the pumping well is screened in the overlying unconfined aquifer (Fig. 5). 
Furthermore, the storativity of matrix affects the dimensionless drawdown in all three layers of 
aquifer system (Fig. 12). 
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The effects of linearization parameter ?? are explored for the case in which the pumping well is 
screened in the underlying fractured aquifer (Fig. 13). As illustrated in Fig. 13, the influence of ?? is less marked in this case (Model II) than in Model I (Fig. 7) owing to the fact that the 
contribution of the watertable drainage to the pumped well is low as the pumping well screened 
in the underlying fractured aquifer. 
3.3 The role of aquitard on the water transfer between the upper and lower aquifers 
To investigate the transfer of water from the underlying fractured aquifer to the overlying aquifer 
through the aquitard, scaled sensitivity curves are plotted. Scaled sensitivity is calculated using 
(Huang and Yeh, 2007):  
??? ? ??? ? ? ? ?iii POPPO ???
iP?  (30)  
where piS  is the scaled sensitivity; Pi  is the aquitard parameter (e.g., saS ); O  is the response of 
the overlying aquifer (e.g., ????  ) and Pi?  is the relative parameter increment, which in the 
following is calculated as 310P Pi i
?? ?  (Huang and Yeh, 2007). The sensitivity plots are 
reported in the Supplementary Material. The results indicate that increases in the vertical 
hydraulic conductivity, Kza, and decreases in the specific storage, Ssa, and the thickness of the 
aquitard increase the leakage from the underlying fractured aquifer to the overlying unconfined 
aquifer (see the Supplementary Material). This affects the dimensionless drawdown in the 
overlying unconfined aquifer. Therefore, the three-layer model proposed here is necessary where 
thin aquitards with high vertical hydraulic diffusivities, ??? , (??? /???  greater than about ? ????? ) are located between the overlying unconfined and the underlying fractured aquifers. 
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Interestingly, the effects of horizontal hydraulic conductivity of the aquitard, Kra, on the leakage 
from the underlying fractured aquifer to the overlying unconfined aquifer is negligible as it does 
not affect the vertical flow in the aquitard.  
 
4. Aquifer parameter estimation 
The presented solution can be used to obtain aquifers hydraulic parameters by the means of 
coupling with a parameter estimation code e.g. PEST (Doherty et al., 1994). 
Using a pumping well screened in the overlying unconfined aquifer and a piezometer installed in 
the underlying fractured aquifer one can estimate aquifer system hydraulic parameters except the 
hydraulic conductivity of the matrix blocks (Km) (Figures 2-6).  If one were to estimate Km using 
the pumping test data, the pumping well must screen in the underlying fractured aquifer and the 
piezometer must be installed there. Interestingly, the vertical hydraulic conductivity of fractures 
(Kzf) cannot be estimated using this configuration as the vertical component of flow is negligible. 
In this case the first mention configuration must be used (Figs.3 and 9).   
To estimate the specific yield, the linearization parameter should not be frozen during the 
parameter estimation. This improves the estimation of Sy. For more information on the range of 
linearization parameter the readers may consult Malama (2011). 
 
5. Conclusions 
The Laplace-Hankel domain solution of the flow to a partially penetrating pumping well in a 
homogeneous, anisotropic and laterally infinite unconfined-fractured aquifer system separated by 
an aquitard is obtained. Two conceptual models are considered. In Model I, the pumping well is 
screened in the overlying unconfined aquifer and in Model II the pumping well is screened in the 
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underlying fractured aquifer. The linearization method suggested by Malama (2011) is used to 
simulate the watertable drainage. The double porosity approach (Barenblatt et al., 1960) is 
adapted to simulate the inter-porosity flow between the spherical matrix blocks and the fracture 
network in the underlying fractured aquifer (Deruyck et al., 1982). The time domain drawdown 
data are calculated using the De Hoog et al. (1982) numerical Laplace inversion and Gaussian 
quadrature (Michels, 1963; Press et al., 1992) and presented in the form of dimensionless 
drawdown type curves. The type curves of Model I are compared with those of single layer-
unconfined aquifer and double-layer aquifer-aquitard systems. The drawdown behavior of the 
three-layer aquifer system in response to pumping of the overlying unconfined aquifer and the 
underlying fractured aquifer are investigated. The effect of hydraulic parameter variations of 
each individual layer on the response of the three-layer aquifer system is also explored. The 
results lead to the following conclusions: 
? In Model I, the three layers respond to the pumping well and the drawdown is inversely 
proportional to the horizontal hydraulic conductivity ratio (Krf/Kru). The response of the 
overlying unconfined aquifer deviates from the Neuman solution (in which the watertable is 
considered as a sharp interface) at intermediate and late times due to the linearization 
parameter (??) (which affects the release of water from the watertable), and the presence of 
the underlying fractured aquifer and aquitard. In contrast, the drawdown in all the three layers 
is quite insensitive to the vertical hydraulic conductivity of the underlying fractured aquifer 
(Kz). The effect of the hydraulic conductivity and the specific storage of the matrix blocks of 
the underlying fractured aquifer (Km, Ssm) is negligible on the overlying unconfined aquifer 
and the aquitard response as the influence of the inter-porosity flow is significantly 
diminished there. However, it affects the dimensionless drawdown in the underlying fractured 
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aquifer leading to a deviation of the presented solution from that of Malama et al. (2008) (in 
which the inter-porosity flow is not considered) during the early and intermediate time when 
the inter-porosity flow dominates. 
? In Model II, the three layers respond to the pumping well in the same manner as in the Model 
I and the drawdown is inversely proportional to Krf/Kru. However, the response is far more 
significant than in the Model I configuration. The vertical hydraulic conductivity of the 
fractures and the hydraulic conductivity of matrix blocks have no effect on the overlying 
unconfined aquifer and the aquitard. In contrast, the specific storage of the fractures controls 
the drawdown response of the all three water-bearing layers. The effect of the watertable 
linearization parameter, ??, is observed in all the three layers, although it is more significant 
for the upper layer than for the lower layer for both models, since the underlying aquifers are 
less affected by the watertable drainage. 
? Increasing the vertical hydraulic conductivity, Kza, and decreasing the specific storage, Ssa, 
and the thickness of the aquitard increases the leakage from the underlying fractured aquifer 
to the overlying unconfined aquifer. This influences the dimensionless drawdown in the 
overlying unconfined aquifer. Thus, using the presented three-layer model solution is advised 
for thin aquitards with a high vertical hydraulic diffusivity (Kza/Ssa). 
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Appendix A 
Using the dimensionless variables defined in Table 1 and taking the Laplace transformation of 
Eqs? (1-7) and (8-21) results in (time transformation, Laplace transform variable p): ??? ???? ??? ???????? ? ? ???? ?????????? ? ????? ?? ?? (A1) 
for the overlying unconfined aquifer; ?????? ???? ??? ???????? ? ? ???? ?????????? ? ????? ?? ?? (A2) 
for the aquitard and, ?????? ???? ??? ???????? ? ? ???? ?????????? ? ?? ? ?????? ?? ?? (A3) 
for the underlying fractured aquifer. The Laplace domain far-field boundary condition is: ??????? ???????? ??? ?? ?? ? ??????? ???????? ??? ?? ??? ??????? ???????? ??? ?? ??? ? (A4) 
The Laplace domain boundary condition at the pumping well for the case in which it is screened 
in the overlying unconfined aquifer is:  
??????? ?? ???????? ?? ????
??? ? ?? ? ? ? ?? ?? ???? ????? ? ??? ??? ?? ?? ??? ? ??????? ? ?? ? ??? ? ???? ? (A5) ??????? ?? ???????? ?? ?? (A6) ??????? ?? ???????? ?? ?? (A7) 
The corresponding expressions for the case in which the well is screened in the underlying 
fractured aquifer are, respectively: 
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??????? ?? ???????? ?? ????
??? ? ?? ?? ? ?? ?? ???? ??????????? ? ??? ??? ?? ?? ??? ? ??????? ? ?? ? ??? ? ???? ? (A8) ??????? ?? ???????? ?? ?? (A9) ??????? ?? ???????? ?? ?? (A10) 
The Laplace domain watertable condition is: ???? ?????????? ???? ?? ? ???????? ???? ?? ? ???? ???? ?? ?? (A11) 
The no-flow condition is considered at the base of the fractured aquifer: ????????? ??? ? ??? ?? ?? (A12) 
The continuity of drawdown and flux at the unconfined aquifer and the aquitard interface are, 
after transformation: ???????? ??? ?? ?? ? ??????????? ?? (A13) ??? ????????? ???? ? ? ?? ???? ????????? ???? ? ? (A14) 
Continuity of drawdown and flux at the aquitard and the fractured aquifer interface are expressed 
as: ???????? ????? ?? ?? ? ???????? ????? ?? (A15) ??? ????????? ???? ? ??? ?? ???? ????????? ???? ? ??? (A16) 
For the conceptual Model I (Fig. 1a) in which the well is screened in the overlying unconfined 
aquifer, Eqs. (A1-A7) and (A11-A16) are considered. As the pumping well is screened in the 
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overlying unconfined aquifer (Eqs. A5-A7), the dimensionless drawdown in Eq. (A1) should be 
decomposed as ???? ?? ? ?? ? ?? (Neuman, 1974; Malama et al., 2008). For the first term, ??, the 
governing equation is: ??? ???? ??? ??????? ? ???? ???????? ? ??? ?? ?? (A17) 
subject to the following boundary conditions: ??????? ?????? ??? ?? ?? ?? (A18) 
??????? ?? ?????? ?? ????
??? ? ?? ?? ? ?? ?? ???? ????? ? ??? ??? ?? ?? ??? ? ??????? ? ?? ? ??? ? ???? ? (A19) ??????? ???? ?? ?? ? ??????? ???? ? ? ?? ?? (A20) 
For the second term, ??, the following governing equation is considered: ??? ???? ??? ??????? ? ???? ???????? ? ??? ?? ?? (A21) 
subject to the following boundary conditions: ??????? ?? ?????? ?? ?? (A22) ???? ???????? ???? ?? ? ??? ???????? ???? ?? ? ?????????? ??? ? ???? ??? ? ??????? ?? ?? ?? (A23) 
Applying the Hankel transform to Eqs. (A17), (A20), (A21) and (A23) with respect to boundary 
conditions of Eqs. (A18), (A19) and (A22) results in: 
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???????? ? ????? ?? ? ????? ??????? ?? ??????  (A24) 
subject to the following boundary conditions: 
??????? ?? ?????? ??? ????
??? ? ?? ?? ? ?? ?? ???? ????? ? ??? ??? ?? ?? ??? ? ??????? ? ?? ? ??? ? ???? ? (A25) 
 ??????? ???? ?? ?? ? ??????? ???? ? ? ?? ?? (A26) 
For ???, the governing equation is: ????????? ? ?????? ?? ?? (A27) 
which is solved subject to the following boundary condition: ???? ????????? ???? ?? ? ??? ???????? ???? ?? ? ??????????? ??? ? ???? ??? ? ???????? ?? ?? ?? (A28) 
Equation (A24) is solved subject to boundary conditions given by Eqs. (A25) and (A26) as in 
Malama et al. (2008, Eqs. A9-A11 and 22) as: ????? ??? ?? ? ???????????????????????????????? ???????                                                                                      (A29) 
where 
?? ? ? ?? ? ??????? ? ????? ????????????????????? ? ????? ?????? ? ????????? ? ???????? ?        (A30) 
and 
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??????? ??? ? ?????????? ??????????????????????????????????????????????????     (A31) 
For the aquitard, the Laplace-Hankel space governing equation is: ??????????? ? ???????? ?? ?? (A32) 
The boundary conditions at the unconfined aquifer and the aquitard are: ????????? ?? ? ????? ??? ?? ? ? ???????? ??? ?? (A33) ???????? ???? ? ? ?? ? ?? ?????????? ???? ? ? (A34) 
where ?? ?? ? ???? ?????? (A35) 
For the underlying fractured aquifer the Laplace-Hankel space governing equation is: ??????????? ? ???????? ?? ?? (A36) 
The boundary conditions at the aquitard and the fractured aquifer interface are: ???????? ????? ?? ?? ? ????????????? ?? (A37) ?????????? ???? ? ??? ?? ? ?? ?????????? ???? ? ???  (A38) 
where ?? ?? ? ???? ?????? (A39) 
Equations (A27), (A32) and (A36) are solved with respect to boundary conditions given in Eqs. 
(A28), (A33), (A34), (A37) and (A38) as: ??? ?? ? ??????????? ? ???????????? (A40) 
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????? ?? ? ??????????? ? ???????????? (A41) ????? ?? ? ??????????? ? ???????????? (A42) 
The constants in the above equations are obtained using Maple. It should be noted that the 
constants ?? and ?? are obtained at the first step and simplified, then the constants ??, ??, ??and ?? are obtained at the second step as (the reader may refer to supplementary materials for the 
Maple script):  ?? ?? ? ?? ???????????? ? ??????????? ? ?????????? ? ????????? ? ??????????????  (A43) ?? ?? ???? ???????????? ? ??????????? ? ?????????? ? ????????? ? ?????????????  (A44) ?? ?? ? ?? ??????????????? ? ?????????????? ? ????????????? ? ?????????????????????????  (A45) ?? ?? ? ?? ??????????????? ? ?????????????? ? ????????????? ? ????????????????????????  (A46) ?? ?? ?????????????? ????????  (A47) ?? ?? ? ?????????????? ? ?? ? ????  (A48) 
where ?? ? ?????????? ? ??? ? ??????? ? ??????????????????? ????????????? ?  ?????????? ? ??? ? ??????? ? ???????????????? ? ??????????? ? 
 ?????????? ? ??? ? ??????? ? ???????????????? ? ??????????? ? 
 ????????? ? ??? ? ??????? ? ?????????????? ? ????????? (A49) ?? ?? ? ????? ? ????? ? ????? (A50) 
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?? ?? ??????? ? ????? ? ????? (A51) ?? ?? ???????????? ? ????????????????????????? ????????????????? (A52) ?? ?? ????????????? ? ?????????????????????? ???????????????? (A53) ?? ?? ???? ? ????????????????????????? ? ??????? ??????????? ? ??????? (A54) ?? ?? ???? ? ????????????????????????? ? ??????? ??????????? ? ??????? (A55) 
where ? ? ? ? ? ? ????? (A56) ? ? ? ? ? ? ????? (A57) 
 
Equations (A40-A42) are used to obtain Eqs. (22-24) after carrying out the inverse Hankel 
transform. 
 
Appendix B 
Equations (A1-A4) and (A8-A15) are solved for conceptual Model II (Fig. 1b) in which the 
pumping well is screened in the underlying fractured aquifer. Following the same procedure as in 
Appendix A, the Laplace-Hankel domain governing equations and boundary conditions are given 
below. 
The governing equation for the overlying unconfined aquifer is: 
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??????????? ? ???????? ?? ?? (B1) 
The watertable boundary condition is: ???? ??????????? ??? ? ?? ? ????????? ???? ?? ? ? ???? ????????? ?? ?? ?? (B2) 
The boundary conditions at the unconfined aquifer-aquitard interface are: ???????? ??? ?? ?? ? ???????? ??? ?? (B3) ?????????? ???? ? ? ?? ? ?? ?????????? ??? ? ? ? (B4) 
The governing equation for the aquitard is: ??????????? ? ???????? ?? ?? (B5) 
The boundary conditions at the aquitard-fractured aquifer interface are: ???????? ????? ?? ?? ? ????????????? ?? (B6) ?????????? ???? ? ??? ?? ? ?? ?????????? ???? ? ???  (B7) 
The governing equation for the underlying fractured aquifer is: ??????????? ? ???????? ?? ?? (B8) 
As the pumping well is screened in the underlying fractured aquifer (Eqs. A8-A10), Eqs. (B6-
B8) can be decomposed as ????? ?? ? ?? ? ???, which results in the following governing equations 
and boundary conditions: ???????? ? ????? ?? ? ????? ??????? ?? ??????  (B9) 
where 
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??????? ??? ???????? ? ??? ?? ? ?? ?? ?????? ????????? ??? ?? ??? ? ????? ???? ?? ??? ? ???? ?                                                            (B10) 
subject to the following boundary condition: ??????? ???? ? ??? ?? ? ??????? ??? ? ? ??? ?? ?? (B11) 
For ???, the model to be solved is: ????????? ? ?????? ?? ?? (B12) 
subject to the following boundary conditions: ????? ????? ?? ? ?????? ????? ?? ?? ? ????????????? ?? (B13) ???????????? ? ??? ?? ? ?? ?????????? ???? ? ???  (B14) ???????? ???? ? ??? ?? ?? (B15) 
The same procedure as in Appendix A is followed to solve Eqs. (B1), (B5), (B9) and (B12) 
subject to the boundary conditions Eqs. (B2-B4), (B11) and (B13-B15), giving: ????? ?? ? ??????????? ? ???????????? (B16) ????? ?? ? ???????????????? ? ???????????? (B17) ????? ?? ? ?? ? ??????????? ? ???????????? (B18) 
where the solution for cases of ?? in different parts of the aquifer is obtained following the same 
procedure as Malama et al. (2008): ?? ?? ???????????? ? ????????????? ? ?? ? ??? ?? ? ? ??? (B19) 
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?? ?? ???????????? ? ????????????? ? ??? ? ??? ?? ???? (B20) ?? ?? ???????????? ? ???????????? ? ????????? ??? ? ??? ? ? ?? ? ??? ?? ???? (B21) ?? ?? ? ????????? ? ???????????? ??? ? ???  (B22) ?? ?? ? ?????????? ? ???????????? ??? ? ???  (B23) ?? ?? ? ????????? ? ???????????? ??? ? ??? (B24) ?? ?? ? ?????????? ? ???????????? ??? ? ???  (B25) ?? ?? ? ????????????? ??? ? ??? (B26) ?? ?? ? ????????????? ??? ? ??? (B27) ???? ?? ??????????? ??????????? ? ????? ? ?????????? ?????????? ? ???????????????? ? ??????  (B28) 
???? ?? ? ??????????? ??????????? ? ????? ? ??????????? ?????????? ? ???????????????? ? ??????  (B29)  
 
 
To obtain ??-?? the same procedure as in Appendix A are followed (Please see supplementary 
materials for the Maple script)  ?? ?? ? ???????????? ? ??????????? ? ?????????? ? ??????????????????  (B30) ?? ?? ?????????????? ? ??????????? ? ?????????? ? ?????????????????  (B31) 
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?? ?? ? ??????????????? ? ?????????????? ? ????????????? ? ???????????? ? ?????????????????????????  (B32) ?? ?? ? ??????????????? ? ?????????????? ? ????????????? ? ???????????? ? ????????????????????????  (B33) ?? ?? ? ?????????????? ? ?? ? ??????????? ? ????????????? ? ?????????????????????????  (B34) 
?? ?? ? ?????????????? ? ?? ? ??????????? ? ????????????? ? ??????????????????????????  (B35) 
with ?? ? ?????????? ? ??? ? ??????? ? ??????????????????? ????????????? ?  ?????????? ? ??? ? ??????? ? ???????????????? ? ??????????? ? 
 ????????? ? ??? ? ??????? ? ???????????????? ? ??????????? ? 
 ????????? ? ??? ? ??????? ? ?????????????? ? ?????????? (B36) ?? ?? ? ????? ? ????? ? ????? (B37) ?? ?? ??????? ? ????? ? ????? (B38) ? ? ? ? ? ? ????? (B39) ? ? ? ? ? ? ????? (B40) 
Equations (B16-B21) are used to obtain Eqs. (25-27) after taki
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Figure Captions 
Figure 1. Schematic cross section of an unconfined-fractured aquifer system separated by an 
aquitard: (a) Pumped well screened in the unconfined aquifer. (b) Pumped well screened in the 
fractured aquifer. Variables pertaining to each region of the aquifer are defined in the text.  
 
Figure 2. Dimensionless drawdown in the three-layer aquifer system for different values of 
Krf/Kru. The pumping well is screened in the unconfined aquifer (Fig. 1a). 
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Figure 3. Dimensionless drawdown in the three-layer aquifer system for different values of 
Kzf/Kzu. The pumping well is screened in the unconfined aquifer. 
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Figure 4. Dimensionless drawdown in the three layer-aquifer system for different values of 
Krf/Km. The pumping well is screened in the unconfined aquifer. 
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Figure 5. Effects of Ssm/Smf on the dimensionless drawdown in the aquifer system. The pumping 
well is screened in the unconfined aquifer. 
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Figure 6. Effects of Sy on the dimensionless drawdown in the aquifer system. The pumping well 
is screened in the unconfined aquifer. 
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Figure 7. Effects of ?? on the dimensionless drawdown in the aquifer system. The pumping well 
is screened in the unconfined aquifer. 
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Figure 8. Dimensionless drawdown in the three-layer aquifer system for different values of 
Krf/Kru. The pumping well is screened in the fractured aquifer. 
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Figure 9. Dimensionless drawdown in the three-layer aquifer system for different values of 
Kzf/Kzu. The pumping well is screened in the fractured aquifer. 
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Figure 10. Effects of Krf/Km on the dimensionless drawdown in the aquifer system. The pumping 
well is screened in the fractured aquifer. 
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Figure 11. Effects of Sy on the dimensionless drawdown in the aquifer system. The pumping 
well is screened in the fractured aquifer. 
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Figure 12. Effects of Ssm/Smf on the dimensionless drawdown in the aquifer system. The 
pumping well is screened in the fractured aquifer. 
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Figure 13. Effects of ?? on the dimensionless drawdown in the aquifer system. The pumping 
well is screened in the fractured aquifer. 
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Table 1. Dimensionless variables. 
??? ?? ? ????????????? ?? ?? ? ??? ?? ?? ? ??? 
??? ? ? ? ????????????? ???? ?? ? ???? ?? ? ? ??????  
??? ?? ? ????????????? ?? ? ? ? ????????? ? ?? ? ? ? ???? ?????? 
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??? ?? ? ????????????? ???? ?? ??????? ?? ?? ? ???? ?????? 
?? ? ? ? ??? ???? ?? ? ?????? ? ? ?????????? 
?? ? ? ? ??? ???? ?? ? ?????? ?? ? ? ?????????? ???? ???? ????????? ? ?????? 
??? ? ? ????? ???? ?? ? ?????? ?? ?? ??? ? ??????  
??? ? ? ????? ???? ?? ? ?????? ?? ?? ??? ? ???? ??????  
?? ?? ? ??? ??? ?? ? ????? ?? ? ? ??? ? ???? ??????  
 
Table 2. Default parameter ratios. 
Parameter Value Parameter Value 
??? 1 ?? ? 0.1 
??? 1.5 ??? 2.5 
?? 0.5  (Model I) ?? 1.0 (Model I) 
?? 2.0 (Model II) ?? 2.5 (Model II) ???? ?? 10 ??????? 10 
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???? ? 102 ????????  5.0 ? 102 
??? 0 ????  1.0 
????  4.0 ? 10-4 ????  20.0 
????  4.0 ? 10-4 ????  20.0 
???? 2.0 ? 10-3   
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? The Laplace-Hankel domain solutions of flow in a three-layer aquifer system obtained. ? The aquifer system consists of an unconfined-fractured aquifer separated by an aquitard. ? The pumping well screened in the overlying unconfined or underlying fractured aquifer. ? Solutions are presented in form of dimensionless time-drawdown curves. ? The effect of hydraulic parameters of each layer on the three-layer aquifer system is 
explored. 
 
